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Examples using diffusion couples 
•  Modelling	  recystallization	  and	  grain	  growth	  during	  TMP	  
o  Grain	  boundary	  mobility?	  
•  Design	  of	  non-­‐isothermal	  heat	  treatment	  proViles	  for	  
precipitation	  hardening	  systems	  
o  Solid	  state	  nucleation?	  
	  
•  Rapid	  Hardening	  in	  Al-­‐Cu-­‐Mg	  alloys	  
•  Composition	  dependence	  
•  Ferrite	  growth	  in	  Fe-­‐C-­‐X	  steels	  





















RXF and GG during TMP of Nb-Steels 
We	  must	  be	  able	  to	  describe	  the	  composition	  dependence	  of	  the	  
grain	  boundary	  mobility	  
	  















































Intrinsic Mobility Solute Drag 
A high(er)-throughput approach 
Cold deformation of the diffusion couple 
Recrystallization in a temperature gradient 
Gleeble Thermo-mechanical Simulator 
Evolution of Grain Structure 
 
Experimental Results: 100sec Annealing 
We should be able to describe the shape of the RXF/No RXF boundary (T, XNb)  
and the α grain size as a function of T and XNb 
C Sinclair, CR Hutchinson and Y Brechet, “The Effect of Nb on Recrystallization and Grain Growth in  
Ultra-High Purity a-Fe: A Combinatorial Approach” Metall. Mater. Trans. A. 38A, pp. 821-830, 2007.  
Experiment and (RXF and GG) Model 
 
Experimental Results: 100sec Annealing 
C Sinclair, CR Hutchinson and Y Brechet, “The Effect of Nb on Recrystallization and Grain Growth in  
Ultra-High Purity a-Fe: A Combinatorial Approach” Metall. Mater. Trans. A. 38A, pp. 821-830, 2007.  
Experiment and (RXF and GG) Model 
Grain size evolution 
C Sinclair, CR Hutchinson and Y Brechet, “The Effect of Nb on Recrystallization and Grain Growth in  
Ultra-High Purity a-Fe: A Combinatorial Approach” Metall. Mater. Trans. A. 38A, pp. 821-830, 2007.  
Designing Non-isothermal HT profiles 
What	  efViciencies	  may	  be	  found	  through	  the	  use	  of	  tailored	  non-­‐
isothermal	  heat	  treatment	  proViles	  for	  precipitation	  hardenable	  
systems?	  
Designing Non-isothermal HT profiles 
Model	  System	  
Fe-­‐2Cu	  (wt.	  %)	  
	  
Precipitation	  of	  spherical	  pure	  Cu	  
	  

















































































































































Designing Non-isothermal HT profiles 
What is the optimum T(t) profile? 
 
Let us choose (tf, Tf) to compare with peak hardnesses in isothermal treatments,  
 i.e. (tf, Tf)=(1800s, 550oC) 
Isothermal: 550oC, 1800sec 
        σ=840MPa 
 
Best Path: (tf, Tf)=(1800s, 550oC) 
     m~4, Ti~400oC 
        σ=890MPa 
Designing Non-isothermal HT profiles 
What is the optimum T(t) profile? 
There exists a whole family of curves that are significantly better that isothermal 
CR Hutchinson, M Goune and A Redjaimia, “Selecting Non-Isothermal Heat Treatment Schedules for  
Precipitation Hardening Systems: An Example of Coupled Process-Property Design”  
Acta Materialia, 55, pp. 213-223, 2007.  
Designing Non-isothermal HT profiles 
There	  are	  lots	  of	  possibilities:	  energy	  savings,	  faster	  treatments,	  
more	  robust	  treatments,	  higher	  strengths,	  different	  structures	  
giving	  the	  same	  strength,	  coupled	  process-­‐property	  design….etc.	  
	  
But,	  almost	  always,	  nucleation	  is	  a	  problem.	  	  	  
We	  always	  need	  to	  tune	  our	  descriptions	  of	  nucleation	  
CR Hutchinson, M Goune and A Redjaimia, “Selecting Non-Isothermal Heat Treatment Schedules for  
Precipitation Hardening Systems: An Example of Coupled Process-Property Design”  
Acta Materialia, 55, pp. 213-223, 2007.  
A high(er)-throughput approach to study 
precipitation (N, R, Fv) 
Using	  diffusion	  couples	  to	  study	  the	  composition	  dependence	  of	  
the	  nucleation	  rate	  (with	  or	  without	  deformation	  (gradients))	  
q 
In-situ SAXS (ESRF, AS) 
In-situ thermal treatment of diffusion couples  
in SAXS beam 
X-ray beam (~200µm) 
In-situ SAXS of precipitation 
M. Styles, A. Deschamps, F. de Geuser, M. Gibson, CR Hutchinson…. 
In-situ thermal treatment of diffusion couples in SAXS beam 
Diffusion couple is scanned back and  
forward in the beam as a function of time  
to monitor the composition dependence  
of the precipitation kinetics 
Kratky Plot (t=t1); Cu/Cu-2Co 
Extract Fv, R (N) (t, T, X) 
 
From N(t, T, X) – try to describe nucleation 
In-situ SAXS of precipitation 
Diffusion couples and ‘sputtered and annealed’ samples are being used 
Provides flexibility in gradient size 
Looking at the effect of deformation (channel die compression of diffusion couples) 
 
Looking at constant composition samples with gradients of deformation 
(e.g. capillaries EDM’ed from tensile samples with non-constant gauges) 
Rapid Hardening in Al-Cu-Mg alloys 
Interesting effect in a certain composition range where a very large amount of 
hardening is observed in 2min, followed by not much change for many hrs 
We have used Al-Cu/Al-Cu-Mg and  
Al-Mg/Al-Cu-Mg diffusion couples to  
map the transitions in the RHP 
RWK Marceau, C Qiu, SP Ringer and CR Hutchinson, “A Study of the Composition Dependence of the 
 Rapid Hardening Phenomenon in Al-Cu-Mg alloys Using Diffusion Couples”, MSEA, 546,153-161, 2012.  
Rapid Hardening in Al-Cu-Mg alloys 







Rapid Hardening in Al-Cu-Mg alloys 
Adding Cu to  
Al-1.7Mg  
and Al-2.3Mg 
Adding Mg to  
Al-2.2Cu  
and Al-3Cu 
Transitions in  
behaviour 















   for C in a
PE Phase BoundaryLE-P/LE-NP Boundary
a
Long time question regarding the chemical conditions at migrating ferrite 
interfaces in Fe-C-X steels and where the transition from unpartitioned to 















Fe-1Ni/Fe-5Ni diffusion couple 
+ rolling + carburization 
CR Hutchinson, A Fuchsmann, HS Zurob and Y Brechet, “A Novel Experimental Approach to Identifying  
Kinetic Transitions in Solid State Phase Transformations”, Scripta Materialia, 50, 285-290, 2004.  
Ferrite Growth in Fe-C-Ni Steels 
Ferrite growth  
by precipitation 
Ferrite growth  
by decarburization 
Exactly LENP 
CR Hutchinson, A Fuchsmann, HS Zurob and Y Brechet, “A Novel Experimental Approach to Identifying  
Kinetic Transitions in Solid State Phase Transformations”, Scripta Materialia, 50, 285-290, 2004. 
A Phillion, HS Zurob, CR Hutchinson, H Gao, DV Malakhov, J Nakano, and GR Purdy., “Studies of the  
Influence of Alloying Elements on the Growth of Ferrite from Austenite under Decarburisation  
Conditions: Fe-C-Ni”, Metall. Mater. Trans. A., 35A, pp. 1237-1242, 2004.   
Conclusions 
Samples containing gradients (composition, deformation, temperature, 
etc.) can be useful tools to: 
•  Calibrate and check models entering into larger through-process 
models 
•  To help identify transitions in behaviour and the limits of applicability of 
our simple (one or two mechanism) models in metallurgy 
